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Abstract
Excellent performance of gamma titanium aluminium Ȗ-TiAl) intermetallic makes itself to be a feasible alternative for nickel 
alloys in aero-engine applications. However, Ȗ-TiAl is difficult to cut because of its poor machinability on hardness and low 
room temperature ductility. Electrochemical machining (ECM) removes electrical conductive material via a controlled 
electrochemical anodic reaction regardless of its mechanical properties. And inherent characteristics of ECM have advantages 
over the traditional machining technologies for the machining of Ȗ-TiAl. Orthogonal experiments were conducted to study the 
effects of process parameters such as applied voltage, electrode feed rate, electrolyte pressure and temperature on material 
removal rate (MRR), surface roughness (SR) and machining gap (MG) in sodium chloride aqueous solution. The result data of 
experiments were analyzed by grey relational analysis method. The results indicated that electrode feed rate is the crucial effect 
on MRR, SR and MG, and the best parameter combination was determined. Finally, a Ȗ-TiAl specimen with the MRR of 
273mm3/min, SR of Ra1.0ȝP and MG of 0.31mm was machined using the optimized parameter combination. 
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the International Scientific Committee of the “New Production Technologies in Aerospace Industry” 
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1. Introduction
The demand for aero-engine performance is constantly 
growing due to the increasing requirement for mobility and 
power in aerospace industry. Reduce weight and improve 
the propulsive force are the most important trends of the 
aero-engine development [1,2]. To attain it, the most 
effective way is via the replacement of existing parts with 
lighter materials. Gamma titanium aluminium (Ȗ-TiAl)
intermetallic has the characteristics of low density,
oxidation resistance, high stiffness and strength at a wide 
range temperature. It is an excellent lightweight material for  
aero-engine and has attracted wide concern in recent years.
Many researchers have studied the machinability of Ȗ-TiAl
[3-5]. However, owing to its poor tensile and low room 
temperature ductility Ȗ-TiAl is extremely difficult to 
process with turning [6], grinding [7] and high speed milling
[8,9]. The poor machinability of Ȗ-TiAl has become a
bottleneck which is constraining its applications.
Electrochemical machining is a nontraditional process to
remove material via a controlled electrochemical anodic 
reaction. It has such advantages as no electrode wear, good 
surface quality, regardless of the material hardness and 
ductility [10,11]. The inherent characteristics of ECM have 
advantages over the traditional machining technologies for 
the machining of Ȗ-TiAl [12]. The purpose of this research 
was to find the machining parameters, such as applied 
voltage, electrode feed rate, electrolyte pressure and 
temperature, which were the main factors affecting on MRR, 
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SR and MG in sodium chloride aqueous solution. As a 
result of this, the optimal processing parameter combination
was suggested.
2. Principle of ECM
Electrochemical machining is a process of removing 
electrically conductive material by the anodic dissolution
phenomena in electrolytic reaction. The schematic of ECM 
system is shown in Fig. 1. The workpiece and cathode tool 
connected to power supply with anode and cathode
respectively. High velocity of electrolyte flow was pumped 
through the machining gap which is between the workpiece 
and cathode  tool. The flowing electrolyte produced a
passage of machining current through for electrolytic 
reaction and workpiece material was dissolved into the 
electrolyte. While the cathode tool feeding toward the 
workpiece at a constant rate, the machining gap became
smaller and the shapes of workpiece were similar to the 
cathode tool. With the cathode tool feeding, the machining 
gap close to equilibrium. In the theory of Cosș system, the 
equilibrium gap between the electrodes ǻb can be calculated
by the Equation (1).
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where Ș is the current efficiency, Ȧ is the volume 
electrochemical of material. ț is the conductivity of 
electrolyte, UR is the applied voltage, v is the cathode tool 
feed rate. From Equation (1), it is find that applied voltage, 
electrode feed rate, electrolyte parameters which effects the 
conductivity such as pressure and temperature, are the core 
factors effecting electrochemical machining. Therefore, the 
experimental investigation will be conducted with these
parameters.
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Fig. 1. The schematic of ECM system.
3. Experimental
3.1 Experimental equipments
The main components of ECM setup were process 
feeding system, electrolyte circulation system, low voltage
high current power supply and processing cell. The 
processing cell includes cathode tool, workpiece and 
machining chamber. The workpiece was installed in the
machining chamber fixedly. The cathode tool made vertical 
up/down movement with the driving of feeding system. 
Electrolyte was pumped through the machining gap from 
the channel which is inside the chamber. During the process, 
cathode tool made the feed motion toward the workpiece
and the material were removed continuously. The 
experimental setups of ECM Ȗ-TiAl are shown in Fig. 2.
Fig. 2. (a) Feeding system; (b) Electrolyte circulation system; (c) Low 
voltage high current power supply; (d) Processing cell.
3.2 Orthogonal experiment
In order to find out the best parameter combination and 
the main affecting factor on MRR, SR and MG in ECM Ȗ-
TiAl, the experiment which following L16(44) orthogonal 
array was planed. The four processing parameters and four
levels are shown in Table 1. In this experiment, the 
electrolyte composition is 15% w/v sodium chloride 
aqueous (NaCl). The interaction between the parameters can 
be neglected.
Table 1. L16(44) orthogonal experiment plan
Symbol   Parameters levels
1 2 3 4
A Applied voltage (V) 25 30 35 40
B Electrode feed rate (mm/min) 0.8 1.2 1.6 2
C Electrolyte pressure (MPa) 0.4 0.6 0.8 1.0
D Electrolyte temperature (䉝㻌) 30 35 40 45
The cathode tool, which was manufactured from stainless 
steel 1Cr-18Ni-9Ti (at.%). The material studied was Ȗ-TiAl
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intermetallic Ti-46Al-4Nb-2(Cr,Ta) (at.%). The cathode 
tool and Ȗ-TiAl specimen are shown in Fig. 3 (a) and (b). 
The specimen surface which to be processed was in the 
form of 15mm lengthh 10mm width.
Fig. 3. (a) Cathode tool; (b) Ȗ-TiAl specimen.
3.3 Optimal parameter validation experiment
The best parameter combination can be determined by 
the grey relational analysis of experiment result. In order to 
evaluate the effectiveness of this combination, the optimal
parameter validation experiment was carried out.
4. Results and discussion
4.1. Experimental results and grey relational analysis
The machined specimens are shown in Fig. 4. The 
L16(44) orthogonal array layout and experimental results are
shown in Table 2. The experimental results were evaluated 
based on three processing performances, MRR, SR and MG.
From the discrete test result data, it is difficult to reveal the 
connection between parameters and observed performances.
In order to find those relationships, the discrete 
experimental results were analyzed by grey relational 
analysis method [13,14]. In this analysis method, the
discrete data investigated by means of grey relational grade.
The steps while applying grey relational analysis method are
as follow:
Fig. 4. Machined specimens.
First, the observed performances of experimental results 
are normalized to avoid the effect of different units. There 
are two types of normalization methods. If the performances 
are having the characteristic of 'higher the better', such as 
MRR, the values can be calculated by using the Equation
(2).
Table 2. Orthogonal array layout and experimental results.
Experiment Parameters Observed performances
A B C D MRR
(mm3/min)
SR
(ȝm)
MG
(mm)
1 1 1 1 1 129.0 1.7 0.65
2 1 2 2 2 156.6 1.4 0.24
3 1 3 3 3 200.4 1.3 0.17
4 1 4 4 4 210.0 1.4 0.10
5 2 1 2 3 117.0 1.8 0.45
6 2 2 1 4 165.6 1.5 0.34
7 2 3 4 1 213.6 1.7 0.28
8 2 4 3 2 267.0 1.0 0.28
9 3 1 3 4 151.8 1.6 1.03
10 3 2 4 3 193.5 1.2 0.65
11 3 3 1 2 229.2 1.1 0.41
12 3 4 2 1 271.5 1.1 0.31
13 4 1 4 2 189.6 1.8 1.66
14 4 2 3 1 224.1 1.2 0.99
15 4 3 2 4 246.0 1.4 0.55
16 4 4 1 3 267.0 1.3 0.28
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where i=1,2...n, k=1,2...m; n is the number of observed 
performances type, and m is the number of experiments; xi(k)
is the value of ith performance in kth experiment; xi*(k) is the 
normalized value obtained from grey relational analysis;
min xi(k) is the is the minimum value of sequence xi(k); max 
xi(k) is the maximum value of sequence xi(k).
When the 'lower the better' are the characteristic of 
observed performances, such as SR and MG, the values are 
calculated by using the Equation (3). The normalized data 
results are showed in Table 3.
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Second, the grey relational coefficients are determined to 
reveal the relationship between reference sequence and 
comparison sequence. The grey relational coefficient can be 
calculated as follows:
*
0 0( ) min min ( ) ( )i ii kk x k x k '  
                                     (4)
where x0(k) is the reference sequence (x0(k)=1,k=1,2...m); 
xi*(k) is the comparison sequence;0i(k) is the deviation 
between reference sequence and comparison sequence.
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where Ȗi(k) is the grey relational coefficient. ǻPLQ is the  
minimum value of sequence ǻ0i ; ǻmax is the  maximum 
value of sequence ǻ0i ; and ę is a distinguishing coefficient,
which adjusted by the practical needs of the system,
defines in the range  ȗ . In this paper, the value of ę
is 0.5.
Table 3. Normalized data results.
No. normalized value
for MRR
normalized value
for SR
normalized value
for MG
1 0.0777 0.1250 0.6474
2 0.2564 0.5000 0.9103
3 0.5399 0.6250 0.9551
4 0.6020 0.5000 1.0000
5 0.0000 0.0000 0.7756
6 0.3146 0.3750 0.8462
7 0.6252 0.1250 0.8846
8 0.9708 1.0000 0.8846
9 0.2252 0.2500 0.4038
10 0.4951 0.7500 0.6474
11 0.7262 0.8750 0.8012
12 1.0000 0.8750 0.8654
13 0.4699 0.0000 0.0000
14 0.6932 0.7500 0.4295
15 0.8350 0.5000 0.7115
16 0.9709 0.6250 0.8846
Finally, the grey relational grade can be calculated by 
averaging the grey relational coefficients.
1 ( )
n
i
i
k
i
J J ¦                                        (5)
where J is the grey relational grade for the kth experiment 
and i is the number of comparison sequence. The results of 
grey relational coefficients (GRC) and grey relational 
grades (GRG) are showed in Table 4.
Based on the data are shown in Table 4, the 8th
parameters obtained the highest grey relational grade. The 
parameters of A2B4C3D2 is the best combination in 16 
experiments. However, the number of combination with 
four factors and four levels is 256 groups. The orthogonal
experiment just provided 16 groups of parameters
combination. In the rest of 240 combination groups, there 
might be a better parameters combination than A2B4C3D2 .
So, it is necessary to analyze the influence of each 
parameter to GRG and to find the best combination. For 
example, the mean GRG for applied voltage at levels 1 can 
be calculated by the average GRG of experiments 1, 2, 3 
and 4. The mean GRG for electrode feed rate at levels 1 can 
be calculated by experiments 1, 5, 9 and 13. By using this 
method, the mean GRG for each parameter with each level
were calculated. The results of mean GRG of parameters
and levels are shown on Fig. 5.
Table 4. Results of GRC and GRG
No. Grey relational coefficients Grey relational grades
MRR SR MG Average value order
1 0.3515 0.3636 0.5864 0.4338 14
2 0.4020 0.5000 0.8479 0.5833 10
3 0.5208 0.5714 0.9176 0.6699 6
4 0.5568 0.5000 1.0000 0.6856 5
5 0.3333 0.3333 0.6902 0.4523 13
6 0.4218 0.4444 0.7646 0.5436 12
7 0.5716 0.3636 0.8125 0.5826 11
8 0.9448 1.0000 0.8125 0.9191 1
9 0.3922 0.4000 0.4561 0.4161 15
10 0.4976 0.6666 0.5864 0.5835 9
11 0.6462 0.8000 0.7155 0.7206 4
12 1.0000 0.8000 0.7879 0.8626 2
13 0.4854 0.3333 0.3333 0.3840 16
14 0.6197 0.6666 0.4671 0.5845 8
15 0.7519 0.5000 0.6341 0.6287 7
16 0.9450 0.5714 0.81248 0.7763 3
Fig. 5. Mean GRG of parameters.
From the Figure 5, it is find that the parameters of 
A3B4C3D2 is the best combination based on the analysis of 
mean GRG. Compared with other 3 parameters, electrode 
feed rate has the biggest range of mean GRG. It is shows 
that the feed rate is the key factor and has the highest 
relative importance to MRR, SR and MG in ECM Ȗ-TiAl.
4.2. Result of optimal parameters experiment
By using the optimized parameters combination, such as 
the applied voltage of U = 35 V, electrode feed rate of V = 2 
mm/min, electrolyte pressure of P = 0.8 MPa and electrolyte 
temperature of T = 35 ć, the machined specimen is shown 
in Fig. 6 (a). The MRR, SR and MG of machined specimen
were 273mm3/min, Ra1.0ȝm and 0.31mm. In this optimal 
parameters experiment, a rectangular plane of 15mm length
and 10mm width was processed. The flatness error of 
machined specimen was 0.009mm. The flatness error result 
revealed that optimal parameters had the potential to bring 
high processing accuracy. The surface morphology of 
machined specimen with magnified 300 times is shown in 
Fig. 6 (b).
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Fig. 6 (a) The machined specimen of optimized parameters; (b) Surface 
morphology of machined specimen.
5. Conclusion
An orthogonal experiment were carried out to find the 
best parameter combination and the main affecting factor on 
MRR, SR and MG in ECM Ȗ-TiAl. The result data of 
experiments were analyzed by grey relational analysis
method. Four process parameters, such as applied voltage, 
electrode feed rate, electrolyte pressure and temperature,
were discussed in this study. Two conclusions are obtained:
1. Based on the grey relational analysis, the optimal 
parameter combination was found out. The parameters are:
the applied voltage of U = 35 V, electrode feed rate of V = 2 
mm/min, electrolyte pressure of P = 0.8 MPa and electrolyte 
temperature of T = 35ć.
2. In the four parameters, electrode feed rate is the key 
factor which has the highest mean GRG of MRR, SR and 
MG.
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